I matinib mesylate (Gleevec) therapy remains the standard of care for patients with chronic myelogenous leukemia (CML).
I matinib mesylate (Gleevec) therapy remains the standard of care for patients with chronic myelogenous leukemia (CML). 3 Designed as a selective competitive inhibitor of the Abelson (ABL) tyrosine kinases (BCR-ABL, v-ABL, c-ABL), this drug leads to growth arrest or apoptosis (1, 2) . Imatinib also displays strong activity against the platelet-derived growth factor receptor, c-kit receptor, ABL-related gene, and their fusion proteins (1-3) and thus has also been used for the therapy of gastrointestinal stromal tumors with mutations in c-kit (2) .
However, the specificity of this molecule may be broader than originally expected, and it is becoming increasingly evident that imatinib also inhibits key tyrosine kinases in immune cells. The exact nature of imatinib effects (activation or suppression) on lymphocytes or dendritic cells remains controversial. Inhibition of CD4 ϩ or CD8 ϩ T cell proliferation and activation by imatinib has been documented (4 -8) . Some reports have further highlighted the negative effect of imatinib on the TCR-induced ZAP70 signaling pathway identifying the leukocyte-specific protein tyrosine kinase (Lck) as a potential molecular target (4, 9) . Similarly, a negative modulation of dendritic cell (DC) development by imatinib and a down-regulation of their Ag-presenting function have also been described (10 -12) . In contrast to these findings, it has been reported that imatinib does not impede the immunogenicity of DC (13) and may enhance their Ag-presenting function (14) . Additionally, some reports indicate that imatinib may foster DC-NK reciprocal activation, thereby promoting the antitumoral function of NK cells (15) . CD4 ϩ CD25 ϩ regulatory T lymphocytes (Treg) critically contribute to the maintenance of self-tolerance and to the prevention of autoimmunity in animals and humans (16, 17) . These suppressive cells have also been highlighted as major contributors in the establishment and persistence of cancer-induced immune tolerance (18, 19) . Treg expansion detected in the blood, lymph nodes, and spleens of tumor-bearing hosts (20 -23) may result from the conversion of CD4 ϩ CD25 Ϫ T cells into CD4 ϩ CD25 ϩ Treg (24) or from the proliferation of naturally occurring Treg (25) . Tumorinduced Treg compromise the function of anti-tumor effector CD8 ϩ T cells, curtail CD4 ϩ T cell help, impede Ag-presenting cell activity (18, 23, 26 ) and therefore represent a major obstacle for successful cancer immunotherapy. In support of this concept, studies in humans and in animal models have demonstrated that attempts to disrupt Treg suppressive activity promote antitumoral immunity (20, 27, 28) . Different strategies have thus been evaluated to deplete or inactivate Treg and include the use of anti-CD25 Abs, the IL-2/diphtheria toxin fusion protein, the immunotoxin LMB-2, OX-40 Abs, or drugs such as cyclophosphamide (20, 26, 27, 29 -31) . However, no consensus has been reached regarding the optimal protocol to be used with immunotherapy.
Considering the broad nature of the tyrosine kinases targeted by imatinib mesylate and the prominent role of such proteins in Treg function, we reasoned that imatinib may be endowed with the potential to modulate Treg activity. We have therefore investigated the influence of imatinib on Treg in vitro and in vivo. Our results demonstrate that, in vitro, this tyrosine kinase inhibitor curtailed the immunosupressive activity of Treg and restrained forkhead box P3 (FoxP3) expression. Imatinib mesylate interfered with Treg TCR-signaling pathway as it reduced the phosphorylation of ZAP70 and LAT. The activation of the downstream transcription factors STAT3 and STAT5 was impeded by the drug. The physiologic consequences of imatinib treatment on antitumoral immune responses in vivo was also examined. Imatinib reduced the number and impaired the immunosuppressive function of Treg in vivo and acted synergistically with DC-based immunization against imatinib-resistant lymphoma. Taken together these findings support the use of this agent as an immunomodulator in cancer immunotherapy.
Materials and Methods

Mice
Mice were housed under specific pathogen-free conditions and cared for according to the guidelines of the University of Arizona Institutional Animal Care and Use Committee. Six-to 8-wk-old female BALB/c (H2 d ), C57BL6 (H2 b ) and SCID/NCr mice were obtained from the National Cancer Institute and used for the experiments.
Cell lines
The murine leukemia and lymphoma cell lines 12B1 and A20 were cultured at 37°C and in 5% CO 2 in RPMI 1640 medium (HyClone) supplemented with 10% heat-inactivated FBS (HyClone). The 12B1 cell line was obtained from Dr. Wei Chen (Cleveland Clinic, Cleveland, OH). Cells were tested routinely and found to be free of Mycoplasma contamination.
Imatinib mesylate
Commercially available 100 mg imatinib capsule content (Gleevec/Glivec, Norvartis) was dissolved in sterile distilled water (Sigma-Aldrich) at desired concentrations, aliquoted, and stored at Ϫ20°C for further in vitro and in vivo experiments. The biologic activity of the drug was tested every week on imatinib-sensitive 12B1 leukemia (BCR/ABL ϩ ) or imatinib-resistant A20 lymphoma (BCR/ABL Ϫ ) using thiazolyl blue tetrazolium bromide (MTT) assays (Sigma-Aldrich).
Magnetic cell sorting and cultures
Spleens and lymph nodes isolated from BALB/c mice (naive tumor-free or A20 tumor-bearing) were dissociated. CD4 ϩ CD25 ϩ and CD4 ϩ CD25 Ϫ T lymphocytes were purified by magnetic cell sorting using mouse CD4 ϩ
CD25
ϩ T regulatory cell isolation kits and an autoMACS separator according to the manufacturers' instructions (Miltenyi Biotec). Both CD4 ϩ T lymphocyte populations (1 ϫ 10 5 cells per well) were separately activated for 24 h in round-bottom 96-well plates coated with anti-CD3 Ab (5 g/ml, clone 145-2C11, BD Pharmingen) and 5 g/ml soluble anti-CD28 Ab (clone 37.51, BD Pharmingen) in the presence of IL-2 (100 U/ml, R&D Systems).
Flow cytometry analysis and Abs
Cells (ϳ10 6 ) were washed in PBS containing 3% heat-inactivated FBS and 0.09% sodium azide (Sigma-Aldrich) and were first incubated with an Fc receptor-blocking Ab (BD Pharmingen) for 5 min, then with saturating amounts of the appropriate combination of fluorochromeconjugated Ab for 40 min. Cells were then washed and analyzed using a FACS calibur (Becton Dickinson Immunocytometry Systems). A minimum of 10,000 events was collected for each sample, and data analysis was performed with the CellQuest software (Becton Dickinson Immunocytometry Systems). For FoxP3 detection, CD4 ϩ CD25 ϩ or CD4 ϩ CD25 Ϫ T cells purified by magnetic cell sorting were fixed, permeabilized, stained using an allophycocyanin anti-mouse FoxP3 staining set following the provider's instructions (Clone FJK-16, eBioscience), and analyzed by flow cytometry. For the monitoring of CD4 ϩ CD25 ϩ Treg, cells were first stained with FITC-conjugated anti-CD4 (rat IgG2b; BD Pharmingen) and PE-conjugated anti-CD25 (rat IgG1; BD Pharmingen) Abs. Then cells were stained using eBioscience FoxP3 staining set as described above. Isotype control Abs were purchased from BD Pharmingen (PE-conjugated rat IgG1, FITC-conjugated rat IgG2a), or eBioscience (allophycocyanin-conjugated rat IgG1). 
T cell proliferation and suppression assays
Detection of cytokine production by ELISA
The concentrations of IFN-␥, IL-10, or TGF-␤1 in cell culture supernatants (1 ϫ 10 5 cells in 200 l/well for 48 h) were determined using ELISA kits according to the manufacturer's procedures (eBiosciences).
Detection of STAT3 and STAT5 phosphorylation by Western blotting
ϩ T cells purified as described above were preincubated for 2 h with or without imatinib and were then activated for 6 h with soluble anti-CD3 (5 g/ml), anti-CD28 Ab (5 g/ml), and IL-2 (100U/ml). These conditions have been set up to allow the detection of STAT3 and STAT5 phosphorylation, an event that occurs within few hours following cell stimulation. Cells were lysed in lysis buffer (1% Nonidet P40, 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 100 mM NaCl, 0.2 mg/ml aprotinin, 0.2 mg/ml leupeptin, 1 mM PMSF, 10 mM NaF, 30 mM NaPPi, 10 mM Na 3 VO 4 ) and Western blot analysis was then performed as described (23), using anti-phospho STAT3 (pTyr 705 ), anti-STAT3, antiphospho STAT5 (pTyr 694 ), or anti-STAT5 Abs (Cell Signaling Technology). In other experiments, STAT3 activation was detected in Treg by DNA-binding transcription factor ELISA. Treg nuclear extracts were performed using a Nuclear Extract kit (Active Motif). Then STAT3 DNAbinding activity was measured with 10-g nuclear extract using a STAT3 Trans-AM kit according to the manufacturer's recommendations (Active Motif).
Analysis of ZAP-70 and LAT phosphorylation
ZAP-70 and LAT phosphorylation are early events in the transduction of TCR and CD28 signals in T cells. Therefore, purified CD4 ϩ CD25 Ϫ or CD4 ϩ CD25 ϩ T cells were pre-incubated for 2 h with or without imatinib and were immediately activated for 5 min with soluble anti-CD3 (5 g/ ml) and anti-CD28 Ab (5 g/ml). Cells were then lysed and analyzed by western blot as described above. Abs used were as follows: anti-phospho ZAP70 (pTyr 705 ), anti-ZAP70, anti-phospho LAT (pTyr 694 ) or anti-LAT Abs (Cell Signaling Technology).
Bone marrow-derived DC
DC were generated from BALB/c bone marrow cells. Cells were harvested from femurs and tibias and filtered through a Falcon 100-m nylon cell strainer (BD Biosciences). RBC were lysed in a hypotonic buffer (150 mM NH 4 Cl, 1 mM KHCO 3 , 0.1 mM Na 2 EDTA) and the marrow was cultured at a density of 5 ϫ 10 5 cells/ml in complete RPMI medium (Life Technologies) containing 10% FBS (HyClone). Murine GM-CSF (PeproTech) and IL-4 (PeproTech) were added at a concentration of 10 ng/ml each. Complete RPMI medium containing GM-CSF and IL-4 was added on day 3. On day 5, medium was replaced and total A20 tumor cell lysate was added. On day 6, cells were activated for 24 h with LPS (0.1 g/ml), and on day 7, cells were recovered, washed in PBS, and used as pulsed DC vaccines in chemoimmunotherapy experiments. A20 tumor cell lysate was prepared by six cycles of freezing in liquid nitrogen and thawing in a 37°C water bath, leading to 100% dead cells as assessed by trypan blue. DC cultures were pulsed with one equivalent tumor cell/DC.
Immunohistochemical staining
SCID mice were injected s.c. with 10 6 A20 cells or 5 ϫ 10 3 12B1 cells and were treated with imatinib (gavage, 300 mg/kg daily for 7 days) when tumor became palpable (tumor diameter ϳ2-3 mm). Animals were euthanized 2 days after the end of the treatment. Tumors were removed, embedded in Tissue-Tek (Sakura Finetek), and snap-frozen in liquid nitrogen.
Caspase 3 cleavage, a marker of apoptosis, was detected on methanol-fixed 5-m cryostat sections after inhibition of endogenous peroxidase activity in 3% H 2 O 2 and incubation with goat serum (KPL) and 1% BSA. Rabbit anti-mouse Ab recognizing the cleaved (active) form of caspase 3 (Cell Signaling Technology) and IgG isotype-matched control (Santa Cruz Biotechnology) were used. Sections were then incubated with biotinylated goat anti-rabbit Ab (KPL), then with streptavidin-peroxidase (KPL), and were stained with 3,3Ј-diaminobenzidine (Vector Laboratories). Slide examination of all tumor samples was performed independently by two investigators in a double blind manner.
Chemoimmunotherapy of A20 lymphoma with imatinib mesylate and DC vaccines
Female BALB/c mice (eight mice per group) inoculated at day 0 with A20 cells (5 ϫ 10 5 cells in 0.1 ml PBS, tail vein injection) were treated at day 3 with imatinib mesylate (gavage, 300 mg/kg, twice daily for 7 days) or control water. DC vaccines (bone marrow-derived DC pulsed with A20 tumor lysate) were injected on days 5 and 9 (s.c., 10 6 DC per mouse). On day 21, mice were euthanized and the number of liver metastases was determined by two investigators. Spleens and lymph nodes were removed and dissociated, and Treg frequency was assessed as described above. Splenocytes (1 ϫ 10 5 ) from control, imatinib-treated, DC-vaccinated or imatinib plus DC-treated mice were cultured for 48 h in 200 l of complete medium and IFN-␥ secretion in the culture supernatants was detected by ELISA.
Statistical analysis
Unless specified otherwise, all experiments were reproduced three times and performed in triplicate. A two-sided Student's t test with paired samples was used to determine significant differences ( p Ͻ 0.05) between groups.
Results
Sensitivity of CD4
The phenotypic characterization of Treg in the mouse is primarily based on the expression of the transcription factor FoxP3 involved in their lineage commitment, development, and function (32, 33) . The majority of CD4 ϩ CD25 ϩ T cells isolated by magnetic cell sorting from the lymphoid tissues of BALB/c mice expressed FoxP3 (Fig. 1A ). In addition, purified CD4 ϩ CD25 ϩ cells inhibited the proliferation of CD4 ϩ CD25 Ϫ cells induced by APC (Fig. 1B) , further demonstrating the immunosuppressive nature of these cells.
We first evaluated a possible direct cytotoxic effect of imatinib mesylate against Treg in vitro. Splenic and lymph node CD4 Ϫ T lymphocytes activated and cultured as described in Materials and Methods were exposed to increasing concentrations of imatinib. The mouse leukemia cell line 12B1 expressing the p210 bcr-abl protein and sensitive to imatinib (34, 35) was used as positive control. Only high and continuous concentrations of the drug (Ͼ10 M) affected the viability of CD4 ϩ
CD25
ϩ Treg over an incubation period of 48 h (Fig. 1C) . Of note, patients treated with 400 mg of imatinib daily, or mice receiving 200 mg/kg imatinib daily, achieve peak plasma concentrations of only 1-10 M (36, 37). CD4 Ϫ cells did not exhibit differential sensitivity to the drug at these concentrations (Fig. 1C) . Treg exposure to doses of imatinib achieved clinically for more than 48 h resulted in the reduction of cell viability (Fig. 1D) . Concentrations of imatinib of Ͻ10 M and exposure time of 48 h or less were therefore used in further in vitro experiments. Similar results were obtained with Treg isolated from the spleen and draining lymph nodes of mice bearing 12B1 leukemia or A20 lymphoma (data not shown).
Imatinib mesylate minimally affects Treg proliferation in vitro
We next investigated the influence of imatinib on Treg proliferation in vitro. Treg anergic state to TCR-mediated stimulation in vitro can be broken with the combination of anti-CD3/CD28 Abs and IL-2 (38). CD4
ϩ CD25 ϩ and CD4 ϩ CD25 Ϫ cells isolated from mouse lymphoid tissues were stimulated under these conditions in the presence of imatinib mesylate at different concentrations for 48 h. Consistent with previous studies (4, 5) , imatinib at 10 M slightly but significantly decreased the proliferation of nonregulatory T lymphocytes. However, non-Treg cell proliferation was not significantly affected by the drug used at lower concentrations (Fig. 2) . Treg proliferation was not significantly modified by imatinib treatment of the cells (Fig. 2) .
Imatinib mesylate inhibits Treg immunosuppressive function and FoxP3 expression
To further document the effects of imatinib mesylate on Treg, imatinib-treated or untreated CD4 ϩ CD25 ϩ lymphocytes were tested for their immunosuppressive function. Treg isolated from BALB/c mouse lymphoid tissues were activated with anti-CD3, anti-CD28 Abs, and IL-2. The cells were then exposed to nontoxic concentrations of imatinib mesylate (Fig. 1C) for 48 h and then washed. Their ability to inhibit the allo-response of BALB/c CD4 ϩ CD25 Ϫ T lymphocytes to mitomycin C-treated C57BL6 APC was then evaluated. The data depicted in Fig. 3A indicate that imatinib mesylate inhibited the capacity of Treg to suppress CD4 ϩ CD25 Ϫ cell proliferation in a dose-dependent manner. ϩ CD25 ϩ Treg were activated with anti-CD3, anti-CD28 Ab, and IL-2, were then exposed for 72 h to the indicated concentration of imatinib mesylate, and cell viability was assessed using MTT. Similar results were obtained with resting Treg cultured for 72 h with imatinib mesylate in presence of anti-CD3, anti-CD28 Ab and IL-2.
The transcription factor FoxP3 is required for the induction of Treg suppressive function, and its expression in nonregulatory cells converts them into immunosuppressive cells (32) . Therefore, based on the results presented in Fig. 3A , we reasoned that imatinib may negatively modulate FoxP3 expression in Treg. To test this hypothesis, CD4
ϩ CD25 ϩ T cells purified from lymphoid tissues and activated as previously described, were treated with imatinib mesylate. Flow cytometry analysis demonstrated a dose-dependent reduction in the proportion of FoxP3-expressing CD4 ϩ CD25 ϩ cells (Fig. 3B) . The influence of imatinib on the production of the immunosuppressive cytokines TGF-␤ and IL-10 reported to be involved in Treg activity was then examined. Treg or CD4 ϩ CD25 Ϫ cells were isolated and activated as previously mentioned and were exposed to imatinib mesylate for 48 h. The concentration of TGF-␤1 in Treg culture supernatants was low and not significantly impaired by imatinib (Fig. 3C) . Similarly, imatinib did not significantly affect IL-10 secretion by Treg (data not shown). This result suggests that imatinib mesylate may reduce Treg activity independently of its effect on TGF-␤ or IL-10.
Imatinib mesylate down-regulates STAT3 and STAT5 phosphorylation in Treg
We have previously mentioned that the induction and persistence of Treg immunosuppressive function is intimately related to FoxP3 expression. The activation of the transcription factor STAT3 following TCR/CD28 costimulation has recently been highlighted as a major molecular event required for FoxP3 expression (39) . Indeed, activated STAT3 may be necessary for the maintenance of FoxP3 expression in naturally occurring Treg and may also play a critical role in the conversion of CD4 ϩ CD25 Ϫ cells into CD4 ϩ CD25 ϩ FoxP3 ϩ Treg (39) . In addition, it has been reported that FoxP3 up-regulation in Treg may involve the binding of the STAT3 and STAT5 proteins to a highly conserved STAT-binding site located in the first intron of the FOXP3 gene (40) . Based on this information and on the results presented in Fig. 3 , we hypothesized that treatment of Treg with this tyrosine kinase inhibitor may result in a negative regulation of these two key transcription factors. Purified CD4 ϩ CD25 ϩ or CD4 ϩ CD25 Ϫ pre-exposed to imatinib for 2 h were stimulated with anti-CD3 and anti-CD28 Abs for 6 h. The phosphorylation of STAT3 and STAT5 was then determined by Western blot. Consistent with previous studies, STAT3 was constitutively expressed in both Treg and CD4 ϩ CD25 Ϫ T cells (Fig. 4A ). STAT3 Tyr 705 phosphorylation induced in Treg by TCR/CD28 signals was impeded by imatinib treatment (Fig. 4A) . A down-regulation of STAT3 phosphorylation by the tyrosine kinase inhibitor was also observed in CD4 ϩ CD25 Ϫ cells (Fig. 4A) . Consistent with these results, ELISA transcription factor assays demonstrated that imatinib inhibited Treg STAT3 activation (data not shown). STAT5 Tyr 694 phosphorylation was also impaired by imatinib in Treg. In CD4 ϩ CD25 Ϫ T lymphocytes the level of STAT5 phosphorylation was low and further reduced by imatinib treatment (Fig. 4A) .
Imatinib mesylate impairs TCR-induced ZAP70 and LAT phosphorylation in Treg
Imatinib mesylate has been designed as a tyrosine kinase inhibitor, selective to a restricted number of proteins including the ABL tyrosine kinases. However, it has also been reported that, in conventional nonregulatory T lymphocytes, imatinib may impede TCR-dependent T cell activation by inhibiting the src-family tyrosine kinase Lck involved in the recruitment and activation of the protein ZAP70 during the transduction of the TCR-CD3 signals (4) . Lck phosphorylates the ITAM motifs on the TCR subunits leading to the recruitment and activation of ZAP70. In turn, activated ZAP70 catalyzes the phosphorylation of the adaptor protein linker of activated T cells (LAT), which then initiates a series of downstream intracellular signal transduction events. Treg thymic differentiation or peripheral conversion depends on signals relayed by the TCR and CD28 (17, 41), and it has been reported that Lck activation is required for STAT3 and FoxP3 induction in Treg (39, 42) . To further document the molecular mechanisms underlying Treg inhibition by imatinib, we sought to determine whether it may interfere at this level of the cell signaling cascade in Treg. Purified Treg or CD4 ϩ CD25 Ϫ T cells were preincubated for 2 h with imatinib mesylate, were then stimulated for 5 min with anti-CD3 and anti-CD28 to trigger TCR/CD28 signaling, and the phosphorylation status of ZAP70 and LAT was examined as described (4) . As depicted in Fig. 4B , decreased ZAP-70 phosphorylation was observed in Treg cells exposed to imatinib. Consistent with this data, phopho-LAT levels were also reduced by imatinib (Fig.  4B) . The phosphorylation of these two signaling molecules was also impaired by the drug in CD4 ϩ CD25 Ϫ T lymphocytes, confirming published data (4) .
Overall, these results indicate that as in conventional T cells, imatinib negatively interferes with the proximal TCR/CD28 signaling events, which may account for the down-regulation of Treg key transcriptions factors STAT3, STAT5, and FoxP3 and the observed inhibition of the suppressive function of these cells.
Imatinib mesylate treatment reduces Treg frequency and immunosuppressive function in vivo
We next sought to evaluate whether imatinib may compromise immunosuppressive Treg in vivo. Experiments were designed to first determine the influence of this drug on the relative frequency of Treg in naive animals. BALB/c mice were treated for 7 days with imatinib mesylate (gavage, 300 mg/kg daily). We have documented that this dose is well tolerated in mice with no observed toxicity (34) . In other murine models of CML, comparable doses were reported to be well tolerated for as long as 118 days, with peak plasma concentrations of 6.5 M (37, 43). These levels are below the toxic concentrations for Treg that we have observed in vitro (Fig. 1) . Spleens and draining lymph nodes were removed 2 days following the end of imatinib mesylate treatment, and the proportion of CD4 ϩ CD25 ϩ FoxP3 ϩ cells was assessed by flow cytometry. Our results indicate that the percentage of CD4 ϩ
CD25
ϩ and FoxP3 ϩ CD4 ϩ T cells within the total CD4 ϩ cell population was significantly reduced in mice treated with imatinib. The number of CD25 ϩ cells coexpressing FoxP3 was also negatively affected by imatinib treatment (Fig. 5A) .
To further define whether imatinib may modulate the suppressive activity of Treg in vivo, naive tumor-free BALB/c mice were treated with the tyrosine kinase inhibitor (gavage, 300 mg/kg daily), and CD4 ϩ CD25 ϩ cells were isolated from the lymphoid tissues by magnetic cell sorting. The cells were tested for their ability to suppress proliferation of nonregulatory CD4 ϩ
Ϫ T lymphocytes purified from naive tumor-free mice. Our results indicate that the immunosuppressive activity of Treg from imatinibtreated mice was compromised when compared with Treg from mice treated with control vehicle (Fig. 5B) . Together, these results indicate that a short course of imatinib given to mice orally for 7 days not only reduced the relative number of Treg in vivo, but also inhibited their immunosuppressive activity on a per cell basis. ϩ CD25 Ϫ or CD4 ϩ CD25 ϩ T cells isolated from BALB/c mouse lymphoid tissues were pre-incubated for 2 h with or without the indicated concentration of imatinib. A, For phospho-STAT3 and Phospho-STAT5 detection, cells were then activated for 6 h with anti-CD3 and anti-CD28 Ab. Equivalent amounts of protein from cell lysates were separated by SDS-PAGE and Western blot analysis was then performed using anti-phospho STAT3, anti-STAT3, anti-phospho STAT5, or anti-STAT5 Abs. B, For the analysis of imatinib interference with early TCR signaling events, cells were activated for 5 min with anti-CD3 and anti-CD28 Abs and blots were probed with anti-phospho ZAP70, anti-ZAP70, anti-phospho LAT or anti-LAT Abs. Untreated, nonactivated cells were used as controls (NA).
Imatinib mesylate can be efficiently combined with pulsed DC vaccine to treat established BCR-ABL
Ϫ A20 lymphoma
The therapeutic depletion of Treg improves responses to cancer immunotherapy (20, 27) . Because imatinib impaired Treg activity in vitro and in vivo, we next assessed whether this drug may augment the efficiency of cancer vaccination using a mouse model of imatinib-resistant tumors. A20 leukemia/lymphoma cells (BCR-ABL Ϫ ) are not sensitive in vitro to concentrations of imatinib that can be achieved in vivo (Fig. 6A) . Confirming these results, imatinib treatment of SCID mice bearing A20 with the tyrosine kinase inhibitor (gavage, 300 mg/kg daily for 7 days) did not affect tumor growth compared with untreated animals (Fig. 6B) . Very few dying cells were detected within A20 tumor nodules in mice treated with imatinib, further demonstrating that imatinib does not exert direct killing against A20 cells in vivo (Fig. 6C) .
To evaluate the potential synergistic effects of imatinib with tumor immunization, BALB/c mice inoculated (i.v.) with A20 cells were treated with imatinib mesylate and vaccinated twice with DCs pulsed with A20 lysates as described in Fig. 7 . The number of liver metastases (Fig. 7A and Supplemental Fig. S1 ) 4 was significantly reduced in mice treated with imatinib plus DC pulsed with tumor lysates compared with control mice or to mice 4 The online version of this article contains supplemental material.
FIGURE 5. Imatinib mesylate restraints Treg in vivo.
A, Imatinib mesylate decreases the frequency of Treg in vivo. Spleens and lymph nodes from naive BALB/c mice treated with imatinib (Imat., gavage, 300 mg/kg, twice daily for 7 days) or with control water (CT), were stained with anti-CD4, anti-CD25, and anti-FoxP3 Abs, and then analyzed by flow cytometry. Characteristic dot plots are depicted. The indicated cell ratios (mean Ϯ SD) were then determined. A significant reduction of CD4
ϩ , and FoxP3 ϩ CD4 ϩ /CD25 ϩ ratios was detected (p Ͻ 0.005, p Ͻ 0.002, and p Ͻ 0.002, respectively). Representative results of two independent experiments, n ϭ 8 mice per group. B, Imatinib mesylate treatment of naive BALB/c mice reduces Treg immunosuppressive activity. CD4 ϩ CD25 ϩ Treg were isolated from lymphoid tissues of BALB/c mice treated with imatinib (Imat., gavage, 300 mg/kg, twice daily for 7 days) or with control vehicle only (CT). Treg ability to suppress the proliferation of CD4 ϩ
CD25
Ϫ T cells from naive tumor-free mice was then evaluated as previously described. Representative results of two independent experiments. ‫,ء‬ p Ͻ 0.01.
FIGURE 6.
The A20 lymphoma is insensitive to the direct cytotoxic effects of imatinib mesylate. A, A20 tumor cells (10 5 ) were cultured in 96-well plate in complete medium with the indicated concentrations of imatinib for 48 h. Cell viability was then evaluated using MTT assays. The BCR-ABL ϩ leukemia cell line 12B1 was used as positive control. Representative results of three experiments are shown. B, A20 tumor cells (3 ϫ 10 6 ) were injected (s.c.) in the right groin of SCID mice. When tumors became palpable, mice were treated with imatinib (gavage, 300 mg/kg, twice daily for 7 days) and tumor volume was measured every 3 days. C, Detection of dead cells in A20 tumor nodules from mice treated or not with imatinib. Tumors were removed two days after the end of imatinib treatment and tumor sections from untreated (Control) or imatinib-treated (Imatinib) mice were stained using Abs against the cleaved isoform of caspase 3. Dead cells (positive for cleaved caspase 3) were visualized under microscopy. A representative field is shown (ϫ100 magnification). 12B1 tumors from imatinib treated or untreated SCID mice were used as controls.
receiving imatinib mesylate or vaccination alone. Splenocytes from control, imatinib-treated, vaccinated, or imatinib plus vaccine-treated mice were cultured for 48 h and IFN-␥ concentration was detected by ELISA. Total splenocytes from mice treated with the combination therapy produced significantly higher amounts of IFN-␥ compared with the other groups (Fig. 7B) . Further analysis indicated that IFN-␥ was produced by both CD4 ϩ and CD8 ϩ T lymphocytes (data not shown). Interestingly, analysis of each individual mouse in the group treated with the combination therapy revealed a negative correlation between the levels of IFN-␥ and the number of liver metastases (Fig. 7C) . Additionally, the frequency of Treg was significantly decreased following treatment of tumorbearing mice with imatinib plus DC vaccine combination treatment (Fig. 8) . These results thus demonstrate that imatinib promotes the antitumor response to vaccination against cancers that are not sensitive to the drug's direct cytotoxicity.
Discussion
CD4
ϩ CD25 ϩ FoxP3 ϩ Treg represent major contributors of tumorinduced tolerance. The benefit of integrating Treg neutralization or elimination in cancer immunotherapy strategies has been advocated in several studies (20, 27, 28, 44) . We report in this study that the widely used tyrosine kinase inhibitor imatinib mesylate may represent an additional approach to suppress Treg and may therefore be efficiently combined with immunotherapy against imatinib-resistant tumors. Treg immunosuppressive function and FoxP3 expression are impaired by therapeutic concentrations of imatinib but Treg proliferation is not significantly modified by the inhibitor in vitro. In contrast, a recent study reported inhibition of CD4 ϩ CD25 ϩ T cell proliferation after treatment for 72 h with imatinib (45) . However, we found that continuous exposure of activated Treg to imatinib in vitro for period of time exceeding 48 h results in a significant loss of cell viability, which may explain the reduced BrdU incorporation observed in this report.
We attempted to further identify the molecular mechanisms underlying imatinib-mediated inhibition of Treg activity. The survival, homeostasis and immunosuppressive function of regulatory T cells are dependent on external signals, some of which are relayed by the TCR, CD28, the IL-2 receptor, CTLA-4, GITR, or TGF-␤ receptors and other yet to be identified molecules (17, 19) , converging toward the regulation of specific gene expression such as FoxP3. Particularly, activated STAT3 and STAT5 are required for FoxP3 up-regulation in Treg (39, 40) . In line with the observed inhibition of FoxP3 expression, the phosphorylation of both transcription factors STAT3 and STAT5 is attenuated by imatinib mesylate. Previous studies have reported that imatinib hinders TCRdependent activation of conventional T lymphocytes, highlighting the src-family tyrosine kinase Lck as a possible molecular target of this drug (4). In Treg, CD28-induced Lck activation is critical for 5 cells, tail vein injection) were treated with imatinib mesylate (gavage, 300 mg/kg, twice daily for 7 days) or control water. DC vaccination (bone marrow-derived DC pulsed with A20 tumor lysate) was given at days 5 and 9 (s.c., 10 6 DC per mouse). On day 21 mice were euthanized and the number of liver metastases was determined by two investigators (A). ‫,ء‬ p Ͻ 0.05. IFN-␥ concentration in the supernatants of cultured spleen cells (1 ϫ 10 5 cells in 200 l medium/well) from each individual mouse was detected by ELISA after 48 h incubation (B). ‫,ء‬ p Ͻ 0.05. In the group of mice treated with the combination therapy a negative correlation was found between the levels of IFN-␥ produced by splenocytes and the number of liver metastases (C).
FIGURE 8.
Decrease of Treg following imatinib treatment with or without DC vaccination of A20 tumor-bearing mice. A20 tumor-bearing mice were treated with control vehicle, imatinib, DC, or imatinib plus DC as described in Fig. 7 . The number of Treg in spleens and lymph nodes was then determined by flow cytometry. Representative results of two independent experiments. ‫,ء‬ p Ͻ 0.001. STAT3 induction (39) . These data prompted us to examine whether imatinib mesylate may interfere with these TCR/CD28 early cell signaling events in Treg. The tyrosine kinase inhibitor alters the phosphorylation status of ZAP-70 and LAT, located immediately downstream Lck in the signal transduction cascade. These observations thus substantiate and provide a molecular basis for the attenuation of Treg suppressive activity by imatinib. However, if the intracellular events leading to conventional T lymphocyte activation are well-characterized, the signaling pathways and their regulation controlling Treg activity are more elusive, and it is thus possible that imatinib suppresses other unidentified key tyrosine kinases involved in the immunosuppressive function of these cells.
Modulation of Treg activity by imatinib mesylate in vivo had not been studied. In line with our in vitro observations, treatment of animals for 7 days with imatinib reduced Treg number and dampened their suppressive function. The potential benefit of combining imatinib with immunotherapy to treat CML patients has been highlighted in different clinical trials (46, 47) . We have previously documented that imatinib mesylate can be successfully combined with specific antitumor vaccination to treat established BCR-ABL ϩ leukemia in mouse (48) . However, because imatinib directly induces BCR-ABL ϩ leukemia cell death, the observed synergistic effects with tumor vaccination could be related to the extensive release of tumor Ags as well as "danger," proinflammatory signals associated with the liberation of the intracellular contents of the cells. The distinction between the killing effects of imatinib and its immunomodulatory function was therefore difficult to ascertain. Thus, although imatinib has been successfully combined with tumor vaccines to treat cancers that are sensitive to the cytotoxic effects of this drug, the integration of imatinib in chemoimmunotherapeutic strategies to treat malignancies that are resistant to direct killing by this molecule had not been previously examined. We therefore sought to further investigate the physiologic relevance of Treg inhibition by imatinib using a tumor model, A20 lymphoma, that is resistant to the cytotoxic activity of the drug. Such an approach allowed for the evaluation of the synergistic effects of imatinib with immunotherapy separately from its direct tumoricidal properties. The dose of imatinib given to animals lead to plasma levels comparable to the concentrations used to treat cells in vitro (37, 43) . Our data demonstrate that imatinib significantly enhances the efficacy of DC-based immunization, resulting in a reduction of the number of liver metastases that correlates with higher IFN-␥ production by the splenocytes of treated animals. These results thus provide the proof of principle that imatinib can be successfully incorporated in immunotherapy protocols against imatinib resistant tumors. Although humans differ from mice in many different aspects (genetic heterogeneity, personal medical history, previous immunosuppressive therapies, etc.), our data further support previous studies indicating that imatinib may improve responses to tumor-specific vaccination (46, 47, 49, 50) .
Our current findings uncover Treg as novel targets for imatinib mesylate and further advocate for the combination of this tyrosine kinase inhibitor with tumor vaccination strategies against malignancies that are typically not affected by imatinib alone. The therapeutic applications of this well-tolerated drug may thus be broadened with its use as an immunomodulator in cancer chemoimmunotherapy protocols.
